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MASK FOR NEAR-FIELD LITHOGRAPHY
AND FABRICATION THE SAME

CLAIM OF PRIORITY

This application is a continuation of International Appli-
cation No. PCT/US11/45197, filed Jul. 25, 2011 , which
claims the benefit of Provisional Application No. 61/402,085,
filed Aug. 23, 2010. Both of these prior applications are
incorporated by reference in there entirety.

FIELD OF THE INVENTION

Embodiments of the invention relate to methods of manu-
facturing a near-field optical lithography mask

BACKGROUND

This section describes background subject matter related to
the disclosed embodiments of the present invention. There is
no intention, either express or implied, that the background
art discussed in this section legally constitutes prior art.

Nanostructuring is necessary for many present applica-
tions and industries and for new technologies and future
advanced products. Improvements in efficiency can be
achieved for current applications in areas such as solar cells
and LEDs, and in next generation data storage devices, for
example and not by way of limitation.

Nanostructured substrates may be fabricated using tech-
niques such as e-beam direct writing, Deep UV lithography,
nanosphere lithography, nanoimprint lithography, near-filed
phase shift lithography, and plasmonic lithography, for
example.

Earlier authors have suggested a method of nanopatterning
large areas of rigid and flexible substrate materials based on
near-field optical lithography described in Patent applications
W02009094009, and U.S.20090297989, where a rotatable
mask is used to image a radiation-sensitive material. Typi-
cally the rotatable mask comprises a cylinder or cone. The
nanopatterning technique makes use of Near-Field photoli-
thography, where the mask used to pattern the substrate is in
contact with the substrate. Near-Field photolithography may
make use of an elastomeric phase-shifting mask, or may
employ surface plasmon technology, where a rotating cylin-
der surface comprises metal nano holes or nanoparticles. In
one implementation such a mask is a near-field phase-shift
mask. Near-field phase shift lithography involves exposure of
a photoresist layer to ultraviolet (UV) light that passes
through an elastomeric phase mask while the mask is in
conformal contact with a photoresist. Bringing an elasto-
meric phase mask into contact with a thin layer of photoresist
causes the photoresist to “wet” the surface of the contact
surface of the mask. Passing UV light through the mask while
it is in contact with the photoresist exposes the photoresist to
the distribution of light intensity that develops at the surface
of'the mask. A phase mask is formed with a depth of relief that
is designed to modulate the phase of the transmitted light by
nt radians. As a result of the phase modulation, a local null in
the intensity appears at step edges in the relief pattern formed
on the mask. When a positive photoresist is used, exposure
through such a mask, followed by development, yields a line
of'photoresist with a width equal to the characteristic width of
the null in intensity. For 365, nm (Near UV) light in combi-
nation with a conventional photoresist, the width of the null in
intensity is approximately 100 nm. A PDMS mask can be
used to form a conformal, atomic scale contact with a layer of
photoresist. This contact is established spontaneously upon
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2

contact, without applied pressure. Generalized adhesion
forces guide this process and provide a simple and convenient
method of aligning the mask in angle and position in the
direction normal to the photoresist surface, to establish per-
fect contact. There is no physical gap with respect to the
photoresist. PDMS is transparent to UV light with wave-
lengths greater than 300 nm. Passing light from a mercury
lamp (where the main spectral lines are at 355-365 nm)
through the PDMS while it is in conformal contact with a
layer of photoresist exposes the photoresist to the intensity
distribution that forms at the mask.

Another implementation of the mask may include surface
plasmon technology in which a metal layer or film is lami-
nated or deposited onto the outer surface of the rotatable
mask. The metal layer or film has a specific series of through
nanoholes. In another embodiment of surface plasmon tech-
nology, a layer of metal nanoparticles is deposited on the
transparent rotatable mask’s outer surface, to achieve the
surface plasmons by enhanced nanopatterning.

The abovementioned application suggests a method of
such masks manufacturing from a master (fabricated using
one of known nanolithography techniques, like e-beam, Deep
UV, Interference and Nanoimprint lithographies), and then
creating a replica from the master by molding a polymer
material curing the polymer to form a replica film, and finally
laminating the replica film onto the surface of a cylinder.
Unfortunately, this method unavoidably would create some
“macro” stitching lines between pieces of polymer film (even
if the master is very big and only one piece of polymer film is
required to cover entire cylinder’s surface one stitching line is
still unavoidable).

The present patent application suggests some new methods
of fabricating masks for “rolling mask™ lithography equip-
ment.

SUMMARY

Embodiments of the present invention address the problem
of manufacturing a near-field optical lithography mask hav-
ing an optically transparent cylinder with a light source
located inside or outside the body and a transparent elastomer
film laminated, deposited or otherwise formed on the outer
surface of cylinder having a nanostructure on the outer sur-
face of the film.

Embodiments of the present invention pertain to methods
useful in fabrication of near-field optical lithography masks
for “Rolling mask” lithography. A cylindrical mask is coated
with a polymer, which is patterned with desired features in
order to obtain a mask for phase-shift lithography or plas-
monic printing. The polymer (e.g., an elastomer) may be
patterned before or after being disposed on the cylinder sur-
face.

A master for image transfer to a cylinder surface is gener-
ated using a known microlithography or nanolithography
method (e.g., nanoimprint lithography, energetic beams, UV
photolithography, interference lithography, self-assembly,
nanoporous materials or natural nanostructured surfaces).

The master can be a flat rigid plate or a flexible film having
desired nanometer scale features.

The following methods are suggested for patterning a poly-
mer layer on cylindrical surface: “plate-to-cylinder” nanoim-
print lithography, optical lithography in a standard contact or
near-field configurations, bond detach or decal transfer
lithography, micro-contact printing, nanotransfer printing,
and scanning beam interference lithography.

All suggested methods could be implemented in a continu-
ous mode in which the cylinder is continuously rotated during
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lithography process. Alternatively, all suggested methods
could be implemented in a “step-and-rotate” mode in which
lithography is done on one section of the cylinder at a time
with subsequent rotational step between processes.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating “Rolling mask”
near-field nanolithography.

FIG. 2 is a schematic diagram illustrating an opto-me-
chanical system for rolling mask near-field optical lithogra-
phy.

FIG. 3 is a schematic diagram illustrating use of a nanoim-
print lithography technique in a “plate-to-cylinder” configu-
ration to pattern a polymer layer formed on cylinder surface in
accordance with an embodiment of the present invention.

FIG. 4 is a schematic diagram illustrating use of a contact
optical lithography technique to pattern a polymer layer
formed on cylinder surface in accordance with an embodi-
ment of the present invention.

FIG. 5 is a schematic diagram illustrating use of a bond-
detach lithography technique to pattern a polymer layer
formed on cylinder surface in accordance with an embodi-
ment of the present invention.

FIG. 6 is a schematic diagram illustrating use of a decal
transfer lithography technique to pattern a polymer layer
formed on cylinder surface in accordance with an embodi-
ment of the present invention.

FIG. 7 is a schematic diagram illustrating fabricating a
plasmonic near-field mask pattern on a polymer layer formed
on cylinder surface in accordance with an embodiment of the
present invention.

FIGS. 8A-8D are a sequence of schematic diagrams illus-
trating an alternative technique for fabricating plasmonic
near-field mask pattern on a polymer layer formed on cylinder
surface in accordance with an embodiment of the present
invention.

FIGS. 9A-9B are a sequence of schematic diagrams illus-
trating use of a microcontact printing technique to transfer a
metal pattern to a cylinder surface in accordance with an
embodiment of the present invention.

FIG. 10 is a schematic diagram illustrating use of nan-
otransfer printing to create a metal nanopattern on an elas-
tomer layer formed on a cylinder surface in accordance with
an embodiment of the present invention.

FIG. 11 is a schematic diagram illustrating use of a “step-
and-rotate” mode to create a nanopattern on an elastomer
layer formed on a cylinder surface in accordance with an
embodiment of the present invention.

FIG. 12 is a schematic diagram illustrating use of a flexible
master to create a nanopattern on an elastomer layer formed
on a cylinder surface in accordance with an embodiment of
the present invention.

FIG. 13 is a schematic diagram illustrating use of interfer-
ence lithography to create a nanopattern on an elastomer layer
formed on a cylinder surface in accordance with an embodi-
ment of the present invention.

FIGS. 14A-14D are a sequence of schematic diagrams
illustrating fabrication of a nanopatterned polymer layer and
subsequently attaching the polymer layer to a cylinder in
accordance with an embodiment of the present invention.

FIGS. 15A-15D are a sequence of schematic diagrams
illustrating fabrication of a nanopatterned metal layer on a
polymer layer and subsequently attaching the polymer layer
to a cylinder in accordance with an embodiment of the present
invention.
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FIGS. 16A-16D are a sequence of schematic diagrams
illustrating fabrication of a nanopatterned cylinder mask by
transfer of a nanopattern from a flat mask to a polymer layer
on the cylinder.

FIGS. 17A-17B are a sequence of schematic diagrams
illustrating fabrication of a nanopatterned cylinder mask with
a dual layer polymer in accordance with an embodiment of
the present invention.

FIGS. 18A-18D are a sequence of schematic diagrams
illustrating fabrication of a nanopatterned cylinder mask with
a dual layer polymer in accordance with another embodiment
of the present invention.

FIGS. 19A-19E are a sequence of schematic diagrams
illustrating fabrication of a nanopatterned cylinder mask
using direct “cylinder-to-cylinder” nanoimprint pattern trans-
fer.

FIGS. 20A-20B are a sequence of schematic diagrams
illustrating fabrication of a nanopatterned cylinder mask
using direct nanoimprinting of a polymer precursor on a
surface of a transparent cylinder.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

As a preface to the detailed description, it should be noted
that, as used in this specification and the appended claims, the
singular forms “a”, “an”, and “the” include plural referents,
unless the context clearly dictates otherwise.

Inthe following Detailed Description, reference is made to
the accompanying drawings, which form a part hereof, and in
which is shown by way of illustration specific embodiments
in which the invention may be practiced. In this regard, direc-
tional terminology, such as “top,” “bottom,” “front,” “back,”
“leading,” “trailing,” “above”, “below”, etc., is used with
reference to the orientation of the figure(s) being described.
Because components of embodiments of the present inven-
tion can be positioned in a number of different orientations,
the directional terminology is used for purposes of illustration
and is in no way limiting. It is to be understood that other
embodiments may be utilized and structural or logical
changes may be made without departing from the scope ofthe
present invention. The following detailed description, there-
fore, is not to be taken in a limiting sense, and the scope of the
present invention is defined by the appended claims.

The authors have described a “Rolling mask”™ near-field
nanolithography system earlier in International Patent Appli-
cation Publication Number W02009094009, which is incor-
porated herein by reference. One of the embodiments is show
in FIG. 1. The “rolling mask” consists of glass (quartz) frame
in the shape of hollow cylinder 11, which contains a light
source 12. An elastomeric film 13 laminated on the outer
surface of the cylinder 11 has a nanopattern 14 fabricated in
accordance with the desired pattern. The mask is brought into
a contact with a substrate 15 coated with photosensitive mate-
rial 16.

A nanopattern 14 can be designed to implement phase-shift
exposure, and in such case is fabricated as an array of nano-
grooves, posts or columns, or may contain features of arbi-
trary shape. Alternatively, nanopattern can be fabricated as an
array or pattern of nanometallic islands for plasmonic print-
ing.

The overall view of the opto-mechanical system for rolling
mask near-field optical lithography is presented on FIG. 2,
where a cylinder 21 is suspended on springs 27.

FIG. 3 represents a first embodiment of the current inven-
tion, where a nanoimprint lithography technique in a “plate-
to-cylinder” configuration may be used to pattern a polymer
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layer deposited on cylinder surface. A hollow transparent
cylinder 31 is coated with a polymer material 32 using dip-
ping, spraying, roller-coating, knife-edge coating, or other
methods. Then the cylinder 31 is contacted with a nanostruc-
tured substrate master 33 having a relief profile 34 and the
relief profile 34 gets imprinted in the polymer material 32.
Imprinted part of the cylinder’s surface gets cured thermally
or using UV light (for thermally-curable or UV-curable poly-
mer, accordingly). The process can be done in continuous
mode by rotating cylinder on the surface of a master or mov-
ing a master, which is in contact with rotatable cylinder dur-
ing imprinting process. Thermal curing of the imprinted
stripe of the portion of the cylinder 31 that contacts the master
33 can be done using a heat source 35, such as a heat gun
blowing hot gas through an aperture 36. Alternatively, an IR
lamp may be used as the heat source 35. The aperture 36 may
be configured to isolate the portion of the cylinder 31 that is
heated. The heat source 35 can be located inside the cylinder
31 or outside the cylinder from the other side of the master, if
the master 33 is made of a transparent material. The aperture
36 may include a cooling means to provide better thermal
isolation for the heating zone. UV curing can be done using
UV lamps or UV LEDs. Again, an aperture or optical system
can be used to focus light on the area of imprinting only.
Alternatively, the master 33 can be heated, so that polymer in
contact with the master can be cured dynamically. A cooling
shield can be implemented to thermally isolate an area of
cylinder not in contact with the master 33.

An example of a thermally cured polymer that can be used
as the polymer 32 is an elastomer such as Polydimethylsilox-
ane (PDMS). An example of a UV-curable polymer can be
epoxysilicone materials or Polydimethysiloxane-urethane
acrylate. The cylinder 31 rotates in sync with translation of
the master 33 during this dynamic imprinting process until
the surface of cylinder 31 is not patterned completely. Cylin-
der rotation can be accurately controlled using precision
angular encoders to minimize or avoid overlapping of pat-
terns.

FIG. 4 shows another embodiment, where contact optical
lithography is used to create a pattern using an optical mask
41, which can be a photomask with transparent and opaque
features, or phase-shift mask with surface relief, or plasmonic
mask, or combination of two or all three types of mask. Light
is directed from a light source 43 through the optical system
44 onto a contact area. The speed of rotation is designed to
provide desired exposure of the photosensitive polymer 45.
The exposure process is followed by polymer development,
which dissolves the exposed areas (if polymer is a positive
tone), and unexposed areas (in case of negative tone poly-
mer).

FIG. 5 represents another embodiment where so-called
bond-detach lithography is used for patterning a polymer 52
deposited on acylinder 51. The polymer layer 52, for example
is made of elastomer material, specifically polydimethylsi-
loxane (PDMS). The polymer 52 (or a precursor thereof) is
deposited on cylinder 51. A substrate 53 made of glass or
other suitable material has an oxide layer deposited or grown
on it. In one embodiment a pattern 54 is fabricated in a gold
layer deposited on glass/oxide. In other embodiments the
pattern 54 may be made of Teflon or Parylene layers. Both
surfaces, the polymer 52 and an exposed part of the oxide 54
on the substrate 53, are activated by exposure to oxygen or air
plasma, or UV Ozone, or Corona discharge 55. Then upon a
contact between the activated polymer 52 and activated oxide
54 they bond together with a strong Si—O—Si bond. The
strength of this bond can be enhanced by fast temperature
curing using a heat source 56, such as a heat gun or an IR lamp
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though an aperture or shield 57 to provide local heating only
in the area of contact. Alternatively the substrate 53 can be
heated to promote fast curing of PDMS-oxide bonds upon a
contact. Certain activated polymers (e.g., PDMS) cannot cre-
ate a bond with gold surface. Once the cylinder rotates, oxide
on the substrate pulls bonded polymer 52 parts from the
cylinder 51, which forms a pattern on the surface of the
cylinder 51 complimentary to the gold pattern on the oxide
surface.

In yet embodiment decal transfer lithography may be used
to pattern a cylinder. In such an embodiment the master may
be made of thin elastomeric layer (for example, PDMS)
deposited on a substrate and patterned with a desired features.
FIG. 6 shows how both surfaces, a patterned elastomer master
64 and unpatterned elastomer on a cylinder 62 are activated
by exposure to an activation source, e.g., UV, Ozone, oxygen
or air plasma, or Corona discharge, and brought in contact
during rotation of cylinder 62. As a result elastomer features
on a master would bond to the elastomer layer on the cylinder
62 and upon cylinder rotation would be transferred from a
master onto the cylinder’s surface.

In another, more preferred, embodiment the elastomeric
master can be reused. In such a case, a rigid master made from
glass or Si, or other rigid material is patterned with desired
features, then a thin elastomer (e.g., PDMS) layer with a
specified thickness is deposited on top of this surface relief.
Upon activation with UV Ozone, Oxygen or air plasma, or
Corona discharge, and contact with the layer of PDMS on the
cylinder surface, PDMS features defined by master profile
will be transferred to the cylinder surface. Then master can be
stripped from remaining PDMS material and recoated again
for the next process.

The next few embodiments describe methods for plas-
monic near-field mask fabrication.

In a first embodiment, as shown on FIG. 7, a plasmonic
near-field mask is fabricated using one of methods similar to
those described above for phase-shift mask fabrication. The
near field mask includes a nanopatterned elastomeric layer 71
on a cylinder 72. The plasmonic effect can be achieved by
using thin film of metal 73 deposited on a photoresist surface
74 on a substrate 75 that is to be patterned. When UV light
from a source 76 passes through the nanopatterned elasto-
meric layer 71 localized surface plasmons are excited due to
the interactions between the incident photons and the free
electrons on the surface of metal film 73. The excitation of the
plasmons results in a large amount of energy accumulating
around the edges of the nanopattern. The elastomeric mask
pattern edges provide modulation of optical field in the pho-
toresist, which is used to create a corresponding pattern in the
substrate 75.

Alternatively, a thin metal layer can be deposited directly
on cylinder surface first, then a thin (e.g., less than 100, nm)
elastomer layer can be deposited on top of the metal layer and
patterned according to any of the methods described in this
invention. The resulting mask can act as plasmonic mask
where the elastomeric mask pattern edges provide modula-
tion of optical field in the photoresist, which is used to create
a pattern.

In yet another embodiment shown in FIGS. 8A-8D, plas-
monic mask fabrication starts with deposition an patterning
of a photoresist 81 on a cylinder 82 according to one of the
methods described above (for example, nanoimprint or opti-
cal lithography), as shown in FIG. 8A. Then, as shown in FIG.
8B, ametal layer is deposited on top of the photoresist pattern,
which is followed by a lift-off process (dissolving photore-
sist), which leaves a metal pattern 84 on the surface of the
cylinder 82, as shown in FIG. 8C. Finally, as shown in FIG.
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8D, a thin elastomer (e.g., PDMS) layer 85 is deposited on top
of the metal pattern 84. The resulting mask can act as plas-
monic near-field mask.

Another embodiment uses microcontact printing tech-
nique to transfer metal pattern to a cylinder surface. As shown
in FIG. 9A, a cylinder 91 is first coated with a thin metal layer
92 (for example, a gold layer), and then is contacted with a
patterned substrate (master) 93 having a self-assembled
monolayer (SAM) 94 deposited on it. It is preferred for the
master 93 to be made of a soft material to assure intimate
contact between the surfaces ofthe master 93 and cylinder 91,
thus elastomers (like, PDMS) may be used for this purpose.
The SAM 94 can be chosen to have a specific affinity to metal
atoms in the metal layer 92 (in the case of gold, the SAM can
have exposed thiol groups). Upon contact between the cylin-
der 91 and master 93 SAM molecules would bond to the metal
surface 92 and as the cylinder rotates and detaches SAM
molecules from the master 93, such molecules would transfer
to the cylinder’s surface. This will create a resist mask 95 at
metal surface, as shown in FIG. 9B. This resist can be subse-
quently used as an etch mask for metal etch, which creates a
metal nanostructure 96. Finally, this nanostructure is coated
with a thin elastomer layer 97 to provide transparent confor-
mal interface between cylinder and a master for slip-free
movement.

Another embodiment uses nanotransfer printing to create a
metal nanopattern on a cylinder surface. This process is an
inversion of micro-contact printing described above. This
time, as shown on FIG. 10, a thin metal layer (for example,
gold) is printed from a master pattern 101 made in soft elas-
tomeric material (for example, PDMS) onto a cylinder 102,
which is covered with a SAM layer 103 having metal-affinity
exposed groups (in case of an affinity to gold, these could be
for example, a thiol-terminated SAMs). Covalent bonds
between the SAM layer 103 on the cylinder 102 and metal on
the master patter 101 form upon contact between master and
cylinder. Rotating the cylinder 102 causes failure at the metal-
master interface (e.g., gold does not adhere strongly to
PDMS) and transfers the metal pattern to the cylinder surface
94.

Finally, in another embodiment for plasmonic masks dur-
ing preparation of elastomeric material (for example,
PDMS), nanometallic particles are mixed with the polymer
precursors, a so metal-impregnated elastomer (e.g., metal-
impregnated PDMS) is formed, which then is patterned onto
the cylinder surface using any of abovementioned methods.
The resulting mask can act as plasmonic mask where the
elastomeric mask pattern edges provide modulation of optical
field in the photoresist, which is used to create a pattern.

Since the cost of fabricating a master with nanosize fea-
tures is more expensive for larger areas, it is desirable to limit
the master surface area. In this case all mentioned embodi-
ments could be implemented in a fashion referred to herein as
a “step-and-rotate” mode. In this mode, as shown on FIG. 11,
a cylinder 111 with a polymer layer 112 is brought into
contact with a narrow stripe 113 of a patterned master 114,
then a polymer 112 deposited on the cylinder gets patterned
using one of suggested above methods (nanoimprint lithog-
raphy, photolithography, decal transfer or bond-detach
lithography). And finally, cylinder is released from the mas-
ter, rotated the angle sufficient for positioning and unexposed/
un-imprinted/un-printed portion of cylinder over the master
surface, and brought in contact with it for patterning again.
Cylinder rotation can be controlled accurately using an angu-
lar encoder. Such a step-and-rotate process may be repeated
until the entire cylinder surface is patterned.
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Another embodiment uses multiple-feature patterns or gra-
dients of different size patterns fabricated on the master, and
the substrate can be translated to use one type of pattern or
another to imprint/expose cylinder, as shown on FIG. 11.

Another embodiment includes any of abovementioned
embodiments where, instead of a flat master, a flexible master
is used in the form of a nanostructured polymer, metal or
flexible film made from other materials. FIG. 12 shows an
example of such a system, where a polymer layer 121 on a
cylinder 122 is imprinted by a flexible master 123 transported
from a first reel 124 to a second reel 125. Another cylinder 126
is used to exert pressure and support the flexible master film.
The same flexible master 123 could be a Nanoimprint master
or Phase-shift mask with surface relief, or photomask with
opaque and transparent areas, or elastomeric film patterned
and activated for bond-detach or decal transfer lithography.

Another embodiment employs interference/holographic
lithography to pattern photosensitive layer on deposited on
cylinder’s surface. FIG. 13 represents a simplified schematic
depicting a setup for scanning beam interference lithography
(SBIL). A pair of narrow low-distortion laser beams 131
overlap on the surface of photosensitive polymer 132 depos-
ited on surface of cylinder, producing a small grating image.
The cylinder is moved under the beams in X-Y directions and
rotated writing a grating image over the entire surface of
cylinder. The optical system (or cylinder) can then be turned
90, degrees and the process may be repeated again, which can
create a checkerboard pattern required to produce an array of
posts or holes for many applications.

In some embodiments of the present invention, as shown in
FIG. 14A, a flat polymer film 141 may be nanopatterned, as
shown in FIG. 14B and the resulting nanopatterned polymer
film 143 may be attached to the surface of a cylinder 142, as
shown in FIG. 14C. The result is a cylindrical mask 144, as
shown in FIG. 14D. By way of example, and not by way of
limitation, the flat polymer film may be lithographically pat-
terned using a transparent rotating cylinder mask, e.g., as
described in commonly-assigned co-pending U.S. patent
application Ser. No. 12/384,219, to Boris Kobrin et al.,
entitted LARGE AREA NANOPATTERNING METHOD
AND APPARATUS filed Apr. 1, 2009, which was published
as U.S. Patent Application Publication Number
20100123885, on May 20, 2010, the entire contents of both of
which are incorporated herein by reference. The elastomer
film may be nanostructured using any suitable nanolithogra-
phy technique. Examples of suitable techniques include, but
are not limited to nanoimprint lithography, ultraviolet (UV)
lithography, including steppers, e-beam lithography, etc.).
After nanopatterning, the film may be attached (e.g., lami-
nated) to the outer surface of a cylinder. The nanopatterned
film 143 may be made slightly longer than the circumference
of'the cylinder 142 so that the film slightly overlaps itself at its
ends when attached to the cylinder. Such overlap can avoid or
reduce a “seam” 145 in the pattern when the pattern on the
film is transferred to a substrate during lithography. Alterna-
tively, a curved master (or submaster) having a radius of
curvature equal to that of the cylinder may be used to pattern
the seam.

The embodiment shown in FIGS. 14A-14D may be modi-
fied for fabrication of plasmonic masks as shown in FIGS.
15A-15D. In embodiments that relate to fabrication plas-
monic masks a polymer (e.g., an elastomer) film 151 may be
coated with a thin metallic coating 152, as shownin FIG. 15A,
and a nanostructure pattern may be formed in the metallic
coating 152, as shown in FIG. 15B. The resulting composite
nanopatterned film 153 may be attached to the surface of a
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cylinder 154, as shown in FIG. 15C, e.g., by lamination. The
result is a cylindrical plasmonic mask 155, as shown in FIG.
15D.

In some embodiments, the nanopatterned film may be fab-
ricated directly on the cylinder. For example, as shown in
FIG. 16 A, a film 161 of a liquid polymer precursor may be
deposited onto an outer surface of a cylinder 162, e.g., by
dipping, roller coating or spray-coating. Then a nanopattern
163 can be transferred from a flat master (or submaster) 164
to the film 1601, as shown in FIG. 16B-16C, using a suitable
nanoimprint method (e.g., plate-to-cylinder) with thermal or
UV curing, or optical lithography, if polymer layer is photo-
sensitive), or bond-detach lithography. Curing the liquid
polymer film 161 fixes the nanopattern and completes the
cylindrical mask 165, as shown in FIG. 16D.

In some implementations, it may be desirable to partially
cure the polymer prior to imprinting nano structure on it (or
on a metal layer formed on it). Otherwise it might be tricky to
control thickness uniformity of the polymer layer.

In a variation on embodiments described above, the poly-
mer film can include two or more layers instead of one. For
example, as shown in FIG. 17A, a polymer film 171 may
include a first layer 172 of elastomer that is relatively thick
(e.g., 0.5-5, millimeters thick) that is deposited directly on
cylinder 173 as a “soft cushion”. A much thinner second layer
174 (e.g., 100-1000, nanometers thick) of polymer having
higher modulus than the first layer 171 can be formed on or
attached to the first layer, as shown in FIG. 17B, and nano-
structured using methods described in this application.

In another embodiment, shown in FIG. 18A, a first (cush-
ion) layer 181 can be instead formed as a solid layer and
laminated to the surface of the cylinder 182. A thinner, stiffer
second layer 183 could then be deposited on top of the first
layer 181, as shown in FIG. 18B, and then patterned using
methods described herein. In other implementations, the first
layer may be deposited onto the surface of the cylinder and
then partially or fully cured, and then thinner, stiffer second
layer 183 can be first patterned and then laminated on top of
the first layer 181, as shown in FIGS. 18C-18D.

It is noted that in certain embodiments ofthe present inven-
tion described above a large area master may be used to either
for direct patterning of the cylinder or to pattern a polymer
layer that is subsequently laminated to the cylinder. There are
a number of different methods to form such a large area
master, which may be divided into two major groups. The first
major group may be categorized as flat film patterning with
subsequent lamination. The second major group may be cat-
egorized as direct cylinder patterning.

In flat film patterning, the polymer film may be patterned
while flat and then attached to the surface of the cylinder.
There are a number of different possible approaches to pat-
tering the film while flat.

In a first example, a small master may be fabricated, e.g.,
using electron beam (E-beam), deep ultraviolet (DUV), or
holographic lithography, etc to etch the nanopattern into sili-
con (Si) or glass. The small master may be a few millimeters
to a few centimeters in dimension. The pattern on the small
master may be transferred onto one or many submasters (e.g.,
polymer material, like Polyurethane, Epoxy, SSQ, MRI, etc.)
Then the submaster can be used as a mold to imprint the
pattern onto a large sheet of polymer material to be laminated
onto a cylinder. The patterning of the submaster(s) can be
done by stamp-and-step method with high accuracy of trans-
lation in two dimensions to provide minimum gap between
fields. The stamp size (i.e., the size of the master) could be
chosen to be slightly larger than a step between fields, so a
very small overlap in patterns would provide a continuous
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gap-free pattern of the large area mold. Gaps between the
fields could be filled and patterned as explained above.

Another alternative is to use interference lithography to
pattern a large area substrate surface, which is subsequently
used to generate a secondary replica in polymer. The resulting
patterned polymer can then be laminated onto the cylinder
surface.

A number of different techniques may be envisioned for
direct cylinder patterning. For example, as shown in FIG.
19A, interference lithography (either scanning or step-and-
repeat) may be performed on a photoresist 191 coated on a
cylinder 192. The resist 192 may be developed, as shown in
FIG. 19B, and the resulting pattern may be plated onto the
cylinder, e.g., by plating a material 193 (e.g., a metal) onto the
cylinder through openings in the pattern in the developed
resist 191, as shown in FIG. 19C. After the resist 191 is
removed, as shown in FIG. 19D, the plated material remains
and the resulting nanostructured cylinder 194 may subse-
quently be used for “cylinder-to-cylinder” nanoimprint pat-
tern transfer to a material 195 (e.g., a partially cured polymer
or another resist on a second cylinder 196, as shown in FIG.
19E.

In some embodiments laser ablation (e.g., 2, or 3-photon
etching) of polymer material deposited on cylinder surface
may be used as an alternative to interference lithography to
fabricate a mask or a master for “cylinder-to-cylinder”
nanoimprint pattern transfer. In 2, or 3-photon etching, two or
more laser beams intersect at a point on the cylinder surface.
At the point where the laser beams intersect a two-photon or
three-photon process takes place that causes an interaction
that locally removes material from the cylinder surface.

In other embodiments a master cylinder coated with nano-
structured alumina may be used to transfer a nanopattern onto
apolymer-coated mask using “cylinder-to-cylinder” nanoim-
print lithography Nanoporous alumina can be formed with a
nanoporous structure having desired pore size and pore den-
sity without use of a mask or lithography.

FIGS. 20A-20B illustrate yet another approach to cylinder
mask fabrication. First, a flat substrate 201 (e.g., glass, sili-
con, metal or polymer) may be patterned using step-and
repeat nanoimprinting or interference lithography, or anodic
alumina porous surface fabrication, or self-assembly of
spheres or nanoparticles with subsequent etch, or other
known nanolithography techniques to create a desired surface
relief with specific nanostructured pattern 202, as shown in
FIG. 20A.

Then, as shown in FIG. 20B, a quartz cylinder 203 coated
with a UV-curable liquid polymer precursor material 204 may
be brought into contact with the patterned surface 202, which
makes liquid polymer precursor flow into the surface relief
structures of the patterned surface 202. A UV light source 205
beams UV-light onto the area of contact between the surface
of the cylinder 203 and the polymer precursor material 204.
The UV-light cures the polymer material 204 freezing a pat-
tern of cured polymer from the patterned surface 202 onto the
surface of the cylinder 203. This imprinting happens during
substrate translation, which makes cylinder 203 rotate due to
frictional forces between the polymer material 204 on the
cylinder and the substrate 201. The UV-light source 205 may
be located inside the cylinder 203. Alternatively, the UV-light
source 205 may be located outside of the cylinder 203, and the
UV light may be beamed inside and onto the area of contact
between the surface of the cylinder 203 and the polymer
precursor material 204.

While the above is a complete description of the preferred
embodiments of the present invention, it is possible to use
various alternatives, modifications, and equivalents. There-
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fore, the scope of the present invention should be determined
not with reference to the above description but should,
instead, be determined with reference to the appended claims,
along with their full scope of equivalents. Any feature,
whether preferred or not, may be combined with any other
feature, whether preferred or not. In the claims that follow, the
indefinite article “A” or “An” refers to a quantity of one or
more of the item following the article, except where expressly
stated otherwise. The appended claims are not to be inter-
preted as including means-plus-function limitations, unless
such a limitation is explicitly recited in a given claim using the
phrase “means for”. Any element in a claim that does not
explicitly state “means for” performing a specified function,
is not to be interpreted as a “means” or “step” clause as
specified in 35 USC §112, Y6.

What is claimed is:

1. A method for forming a nanopatterned cylindrical pho-
tomask, comprising:

forming a master pattern on a master substrate, wherein the

master pattern includes nanometer scale features;

forming a layer of an elastomer material on a surface of a

transparent cylinder;

transferring the master pattern from the master to the layer

of elastomer material on the surface of the cylinder.

2. The method of claim 1, wherein the master substrate is a
flat rigid substrate.

3. The method of claim 1, wherein the master substrate is
made of a flexible material.

4. The method of claim 1 wherein transferring the master
pattern from the master to the layer of elastomer material on
the surface of the cylinder includes “plate-to-cylinder”
nanoimprint lithography, optical lithography in a standard
contact or near-field configurations, bond detach or decal
transfer lithography, micro-contact printing, nanotransfer
printing, and scanning beam interference lithography.

5. The method of claim 1, wherein transferring the master
pattern from the master to the layer of elastomer material on
the surface of the cylinder includes continuously rotating the
cylinder during a lithography process that uses the master as
a lithography mask.

6. The method of claim 1, wherein transferring the master
pattern from the master to the layer of elastomer material on
the surface of the cylinder includes or “step-and-rotate” mode
in which lithography is done one section of cylinder at a time
with a subsequent rotational step between lithographic pro-
cesses.

7. The method of claim 1, wherein transferring the master
pattern from the master to the layer of elastomer material on
the surface ofthe cylinder includes a nanoimprint lithography
technique in a “plate-to-cylinder” configuration.

8. The method of claim 7 wherein the nanoimprint lithog-
raphy technique includes contacting the cylinder with a nano-
structured substrate master having a relief profile to imprint
the relief profile into the elastomer material on the surface of
the cylinder.

9. The method of claim 8, further comprising curing an
imprinted part of the elastomer material on the surface of the
cylinder.
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10. The method of claim 1, wherein transferring the master
pattern from the master to the layer of elastomer material on
the surface of the cylinder includes using contact optical
lithography.

11. The method of claim 1, wherein transferring the master
pattern from the master to the layer of elastomer material on
the surface of the cylinder includes using a bond-detach
lithography technique.

12. The method of claim 11, wherein the bond-detach
lithography technique includes forming the master pattern in
ametal layer on a substrate having an oxide layer deposited or
grown on it, activating the elastomer and the oxide layer by
exposure to plasma, UV, ozone, or corona discharge, contact-
ing exposed portions of the activated oxide layer and acti-
vated elastomer such that they bond together while metal
coated portions of the oxide layer do not, and rotating the
cylinder to pull bonded portions of the elastomer from the
cylinder.

13. A method for forming a nanopatterned cylindrical pho-
tomask, comprising:

forming a pattern on an elastomer substrate, wherein the

pattern includes nanometer scale features;

laminating the patterned elastomer substrate to a surface of

a cylinder.

14. The method of claim 13, wherein the nanopatterned
elastomer is made slightly longer than a circumference of the
cylinder so that the film slightly overlaps itself at its ends
when attached to the cylinder.

15. The method of claim 13, further comprising filling a
seam between ends of the elastomer film on the cylinder with
the pattern.

16. The method of claim 13, wherein the elastomer film is
coated with a thin metallic coating and the nanostructure
pattern is formed in the metallic coating, wherein the elas-
tomer is attached to the cylinder such that the elastomer is
between the cylinder and the nanostructure pattern formed in
the metallic coating, whereby the photomask is a plasmonic
mask.

17. The method of claim 13, wherein the elastomer film
includes two or more layers.

18. The method of claim 17, wherein the two or more layers
include a relatively thick and soft first layer and a relatively
thin and stiff second layer, wherein the first layer is between
the first and second layers are laminated to the surface of the
cylinder such that the first layer is between the surface of the
cylinder and the second layer, wherein the nanostructure pat-
tern is formed in the second layer.

19. The method of claim 13, wherein forming the pattern
on the elastomer substrate includes forming a small master
having a pattern corresponding to a portion of the pattern to be
formed on the elastomer substrate, transferring the pattern on
the small onto one or more submasters, using the submaster as
a mold to imprint the pattern onto the elastomer substrate.

20. The method of claim 19, wherein patterning the sub-
master(s) is done by stamp-and-step method.

21. The method of claim 20, wherein a size of the submas-
ter is chosen to be slightly larger than a step between fields, so
that a small overlap in patterns provides a continuous gap-free
pattern on the elastomer substrate.

22. The method of claim 13, wherein forming the pattern
on the elastomer substrate includes using interference lithog-
raphy to pattern an elastomer sheet and generating a second-
ary replica the material used to form the elastomer substrate.
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